Energetic particle precipitation leads to enhancement of odd hydrogen (HO x ) below 80 km altitude through water cluster ion chemistry. that our results provide a lower-limit estimation of the importance of energetic electron precipitation at the latitudes considered.
served at altitudes below. This suggests that the fluxes of ≥ 3 MeV electrons were not high enough to cause observable changes in OH mixing ratios. At 75 km, in about 34% of the 65 months analysed we find a correlation r ≥ 0.35. Although similar results are obtained for both hemispheres in general, in some cases the differences in atmospheric conditions make the OH response more difficult to detect in the South. Considering the latitude extent of electron forcing, we find clear effects on OH at magnetic latitudes 55 − 72
• , while the lower latitudes are influenced much less. Because the time period [2004] [2005] [2006] [2007] [2008] [2009] analysed here coincided with an extended solar minimum, and the year 2009 was anomalously quiet, it is reasonable to assume that our results provide a lower-limit estimation of the importance of energetic electron precipitation at the latitudes considered.
Introduction
The odd hydrogen family (HO x = H + OH + HO 2 ), especially hydroxyl (OH), has significant implications for ozone (O 3 ) chemistry via participation in catalytic reaction cycles that destroy ozone, and in reactions between different forms of other ozone depleting compounds [Bates and Nicolet, 1950] . The presence of HO x in the middle atmosphere is a consequence of water vapor (H 2 O), methane (CH 4 ) and molecular hydrogen (H 2 ) transported from the troposphere. In the upper stratosphere, H 2 O reacts with atomic oxygen from O 3 photodissociation by UV radiation:
In the mesosphere, photodissociation of H 2 O by absorption of UV radiation,
produces OH and H and, consequently, leads to rapid decrease in water vapor mixing ratios especially above 80 km altitude [Brasseur and Solomon, 1986] . The main contributor to water vapor dissociation at altitudes above 68 km is the Lyman-α line (121.568 nm), whereas between 60 − 68 km the Schumann-Runge band region (175 − 200 nm) plays a major role [Frederick and Hudson, 1980] . Above 40 km, the destruction of odd hydrogen is controlled mainly through reactions with atomic oxygen and HO x recombination [Canty and Minschwaner , 2002] . The chemical lifetime limit for HO x at 75 − 80 km altitudes is between 0.1 − 1 day and increases up to 30 days at altitudes above 85 km . Therefore, atmospheric transport of HO x below 80 km is negligible. For OH, seasonal and solar cycle variability is connected to solar activity together with the seasonal variation of water vapor and ozone in the mesosphere [Canty and Minschwaner , 
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2002] whereas the diurnal variability of OH is related to the solar zenith angle (SZA) variation during the day and can be characterized by exponential functions of the secant of SZA [Minschwaner et al., 2011 ].
An important mechanism affecting the neutral chemistry of the atmosphere in the polar regions and resulting in the enhancement of odd hydrogen species is energetic particle precipitation [Thorne, 1977; Heaps, 1978; Verronen et al., 2006 Verronen et al., , 2007 Damiani et al., 2008 Damiani et al., , 2010 Jackman et al., 2011; Verronen et al., 2011] . The enhanced production of HO x species is due to water cluster ion chemistry, a result of particle impact ionization, which leads to dissociation of water molecules. This process is only effective below about 80 km, where enough water vapor is available [Solomon et al., 1981] . There are several types of precipitating energetic particles, which are characterized by their source and energy. Of these, solar energetic protons and electrons from the outer radiation belt have such energies that they affect the mesosphere directly, while galactic cosmic radiation (GCR) and auroral electrons deposit most of their energy in the lower stratosphere and lower thermosphere, respectively. Solar proton events (SPE) originate from explosions that occur sporadically on the surface of the Sun [Meyer et al., 1956] . During SPEs, high-energy protons are guided by the Earth's magnetic field into polar regions and the atmospheric responses are typically constrained to magnetic latitudes higher than 60 Rodger et al., 2006; Verronen et al., 2007] . In contrast, energetic electrons do not reach the atmosphere directly from the Sun but are first stored inside the magnetosphere, e.g. in the radiation belts, and can be lost to the atmosphere through precipitation.
Energetic electrons in the radiation belts span a very large energy range, with large fluxes at "medium" energies of about 100 keV, and often include relativistic electrons with
Extreme examples of relativistic electron energies would be 10 MeV or even beyond [Gussenhoven et al., 1996] , albeit with very small fluxes. Those electrons in the outer radiation belt can precipitate into the atmosphere at magnetic latitudes of about 55 − 72 • , with precipitation becoming more significant during and following magnetic storms, which also accelerate particles in the radiation belts. The atmospheric penetration depth depends on the energy of the particle, e.g. protons/electrons with 4 MeV/100 keV and 40 MeV/3 MeV energy can reach 80 km and 50 km, respectively [see e.g. Turunen et al., 2009, Fig. 3] . Compared to the SPE phenomenon, our understanding of the importance of energetic electron precipitation to atmospheric chemistry is limited. This is mostly because accurate assessments of electron fluxes and temporal variability are difficult to make due to the spatial and temporal limitations of the observations and, sometimes, contamination of electron data by low-energy protons [Rodger et al., 2010a; Clilverd et al., 2010] . For example, the direct effects of electron precipitation in the mesosphere are not well quantified. Case studies have shown mesospheric odd nitrogen (NO x ) increases related to electron precipitation at high latitudes, but the relatively long chemical lifetime (∼months) of NO x in polar winter conditions complicates the separation between in-situ production and atmospheric transport [Sinnhuber et al., 2011] .
Recently, Verronen et al. [2011] which OH data from MLS are available. We go on to utilize the Sodankylä Ion and Neutral
Chemistry (SIC) model and partial correlation analysis in order to separate the electron effect in OH from seasonal changes in water vapor, solar radiation, and temperature.
Data description
In addition to OH and precipitating electron data, we also use H 2 O, temperature, and solar Lyman-α observations in our analysis. OH production in the middle mesosphere is mostly due to H 2 O photodissociation by Lyman-α radiation. Although under nighttime conditions HO x production is very limited, the HO x produced during daytime can last some time after sunset depending on its chemical lifetime. Therefore, it is necessary to understand changes in the daytime production that could affect our nighttime analysis.
Also, changes in temperature may lead to significant changes in OH through changing the rates of chemical reactions. More details and some charateristics of the MLS, solar
Lyman-α, and electron data sets we make use of are given below and in Table 1 .
We excluded X-ray radiation from our analysis after checking the 0.1 − 0.8 nm data from GOES satellites. If any X-, M-, or C-class flares occurred during the analysed time period, they could significantly increase the ionization in the mesosphere and affect OH mixing ratios. However, no X-class flares took place, the three periods of M-class flares were already excluded because of SPEs (see Section 2.3), and there were no ECR data available for the C-class flare periods. Therefore, we can assume that X-rays do not interfere with our analysis.
MLS observations
In this study, we utilize observations from the MLS instrument onboard the Aura satellite [Waters et al., 2006] . We use Version 3. spheres. Before the analysis, the data were screened according to the MLS data description and quality document [Livesey et al., 2011] . More information on these MLS data products is given elsewhere [Livesey et al., 2011; Pickett et al., 2008; Schwartz et al., 2008; Lambert et al., 2007] . Most of the analysis has been made at the altitude range between 70 − 78 km. Note that in this study we discuss the MLS observations using an altitude (km) grid. The altitudes given are approximative and correspond to the pressure levels of the MLS observations, as shown in Table 2 . where sec(ϕ) = 1/cos(ϕ), ϕ is the minimum SZA (maximum intensity of solar UV radiation) at 75 km for the corresponding day and location, and β is a fit parameter related to the optical depth for photodissociation [see Minschwaner et al., 2011] . In our analysis we are interested only in the change of solar radiation and assume β = 1.
Solar Lyman-α

Energetic particles
We consider the ECR from the MEPED instrument onboard the Polar Orbiting Environmental Satellite (POES). For more information on MEPED, see Evans and Greer [2004] . We utilize data from the 0 • detector pointing radially outwards along the Earthsatellite direction at L shells 3.0 − 5.5, which correspond to the geomagnetic latitudes of 55 − 65
• and the locations of the inner and mid parts of the outer radiation belt. For magnetic latitudes above about 33
• , the MEPED 0 • directed telescopes are observing inside part of the bounce loss cone [Rodger et al., 2010a; Rodger et al., 2010b] , and therefore monitoring a proportion of the particles precipitating into the atmosphere.
The ECR measurements are considered the same way as in Verronen et al. [2011] , except that a new correction algorithm for low-energy proton contamination has been applied [as described in Lam et al., 2010] to decrease the significance of the contamination in the energetic electron measurements [Rodger et al., 2010a] . As in Verronen et al. [2011] , the count rates of the > 300 keV energy channel are subtracted from those of the > 100 keV channel to get an estimate of the flux of precipitating 100 to 300 keV electrons which will deposit the majority of their energy into the atmosphere at altitudes of 70 − 80 km. Note that these energy channels of the MEPED electron data are correlated with each other.
Also, a similar response can be seen in the MEPED observations concerning relativistic electrons (E > 0.5 MeV) [Rodger et al., 2010a; Millan et al., 2010] , which would increase
ionisation rates below 70 km. Because of this relation, we investigate also the lower mesospheric and stratospheric altitudes using the 100 − 300 keV count rates. We then support this approach by additional analysis of relativistic electron impacts using the MEPED P6 proton detectors.
The MEPED P6 proton detectors respond also to highly relativistic electrons [Rodger et al., 2010a] . However, the usability of the data is limited because of severe instrumental issues. The MEPED P6 omnidirectional detector responds to electrons with energies larger than about 800 keV but it has a varying detection efficiency with energy. It also responds to both trapped as well as drift-and bounce loss cone particles and is therefore not well suited for understanding electron precipitation. Like the omnidirectonal one, also the P6 0
• detector responds to energies with a varying detection efficiency, starting from electrons with energies roughly larger than about 700 keV. In addition, the P6 0 • detector often report fluxes near the noise floor of the instrument, and only report substantial relativistic electron precipitation fluxes during stronger events. Because of these issues, we use the P6 data only to support the analysis based on the 100 − 300 keV data.
Monthly and daily mean count rates are calculated from the data, which originally was produced with a 3-hour temporal resolution from the 2 s resolution files available from NOAA. We assume that electron forcing is more or less the same for both hemispheres, particularly during geomagnetic storms which have high electron precipitation fluxes, and thus the mean MEPED-reported precipitating fluxes are determined from all available POES spacecraft located inside the L-shell range 3 − 5.5 in either hemispheres. The same assumption was made by Verronen et al. [2011] . We do, however, exclude from the mean any measurements taken from POES spacecraft located inside the South Atlantic Environmental Satellite (GOES-11).
Results
Zonal monthly mean values of OH, H 2 O, temperature (T) together with I
SZA α
, ECR, and solar proton events presented in Fig. 1 give a general view on the OH variation at 75 km altitude. The OH mixing ratio shows a much more complex temporal behavior than
SZA α , and T, and its variability cannot be explained by seasonal effects only. Time Compared to the SPEs effects, which are strong and easier to detect, the OH increases during peaks of electron precipitation are smaller in magnitude and thus more difficult to identify using monthly mean data, where the seasonal variation of H 2 O and I
dominates, and confident conclusions cannot be made. Removing SPE periods from the data sets does not significantly help our analysis (not shown). The short chemical lifetime of OH and substantial day-to-day variations in ECR are likely the reason that ECR has no detectable impact on OH monthly averages. Therefore, in the following we continue our investigation using daily mean data instead of monthly means. Again, all the MLS daily averages were calculated using nighttime measurements only.
In Fig. 2 we consider as highly correlated. Fig. 3 shows the correlation between daily mean OH mixing ratio and daily mean ECR precipitating from the radiation belts. Note that the SPE periods were excluded here and from all further considerations using a flux limit of 4 protons/cm 2 /s/sr (GOES-11, 5 − 10 MeV channel). The results shown in Fig. 3 clearly demonstrate that correlations between OH and precipitating electrons is high for almost all the months with days of very high ECR. However, there are differences in temporal and altitude responses between the NH and the SH.
At 75 km in the NH, for 22 months (34%) of the total of 65 analyzed, the correlation r is equal or higher than 0.35, and in 10 of those cases r ≥ 0.6. The characteristics of the eleven highest-correlation cases are listed in Table 3 . Almost all months with the maximum of daily mean ECR ≥150 have r ≥ 0.6. However, the correlation does not always increase linearly with the amount of electrons precipitating into the atmosphere, because it is also affected by background atmospheric conditions, i.e., the amount of background OH and, to a lesser extent, day-to-day changes in H 2 O, I In general, Fig. 3 shows correlations r ≥ 0.35 down to 52 km during months of high ECR. Above 78 km correlation decreases due to smaller amounts of water vapor (and water cluster ions/HO x produced during EEP), and also because the nighttime OH maximum at about 82 km makes EEP effects more difficult to detect [see also Verronen et al., 2011] .
Below 52 km, for most cases, r does not exceed 0.2, which suggests that the fluxes of > 3 MeV electrons are not sufficiently high to increase the OH mixing ratios at these altitudes, at least within the experimental uncertainties of these measurements. Because this result is based on the 100 − 300 keV electron data (electrons with these energies affect mainly the altitudes between 70 − 80 km), we calculated also correlations r P between OH and count rates from MEPED P6 detectors (both omnidirectional and 0 • ). These detectors respond to highly relativistic electrons (with energies larger than about 700 MeV), but there are instrumental issues that limit their usability (see Section 2.3). Nevertheless, we found that at altitudes below 52 km r P is generally very small, i.e., similar to the correlation between OH and ECR at 100 − 300 keV. This, again, indicates no significant electron impact on OH in the stratosphere.
Compared to the NH, the SH response is in general less pronounced. r exceeds 0.6 only in 5 cases and is for some months significantly lower than in the NH (Table 3) .
Nevertheless, the number of months with r ≥ 0.35 is similar to the NH, i.e. 20 of 65 months (31%, c.f., 34% in the NH). May 2005 is the sole case in Table 3 for which the correlation is significantly lower in the NH than in the SH, i.e. at 75 km r = 0.25/p = 0.24 and r = 0.73/p ≈ 0, respectively. However, in this case high correlation is observed in the NH at a slightly lower altitude of 73 km (r = 0.65, Fig. 3 ).
To gain additional confidence in the calculated correlations, we tested the robustness of the results using the bias-corrected and accelerated bootstrap method. discrepancy between the two hemispheres. The top panels show daily mean values of OH mixing ratios, the bottom panels show three OH altitude profiles: 1) monthly mean, 2) day 27 mean (high ECR, high OH), 3) day 25 mean (low ECR, low OH). In both hemispheres, OH increases due to strong electron forcing (top panels), but the larger OH background mixing ratio in the SH makes the EEP-related changes more difficult to detect and leads to lower correlation coefficients. Fig. 4 (bottom panels) shows that when high ECR are observed on day 27, the OH mixing ratios increase by about 50% between 70 − 78 km in both hemispheres compared to the day 25 with low ECR. However, the monthly mean OH value in the SH is higher than in the NH and close to the OH mixing ratio observed on day 27. Thus the EEP-related OH production is clearly more pronounced in the NH and the correlation is understandably higher. The hemispheric discrepancy in background OH level can be explained mainly by differences in water vapor and Lyman-α radiation as well as SZA which affects the number of profiles selected for daily averages. In addition, the temperature might also contribute to the NH-SH OH abundance asymmetry, however the effect of temperature on OH is not as straight forward to assess because temperature changes do not affect OH or HO x reactions alone but the whole chemical system.
In addition to affecting the correlation calculation through monthly mean background OH mixing ratios, OH changes due to intra-month variation of H 2 O, I the regular correlation coefficient r (0th-order partial correlation), i.e., Table 3 ) is on average less than 0.06/0.07 in the NH/SH. This is again a small difference, but it should be noted that for most of the 11 cases presented in Table 3 , R H 2 O·I SZA α is higher than r and indicates less difference between the hemispheres. Overall, the ordinary correlation is a sufficient tool for our analysis, and we can in most cases assume that r ∼ = R. However, in some months, such as changes in temperature than those of H 2 O (bottom panel of the Fig. 6 ). Temperature increases by 5% in the NH and changes nighttime OH mixing ratio in average by about 5% whilst in the SH the temperature increases by 15% and changes the nighttime OH mixing ratio in average by about 20%. The effect of temperature on OH is related to the changes in chemical reaction rates. For both H 2 O and T, at nighttime the sensitivity is modest compared to daytime, which indicates a better possibility of identifying EEP effects at night.
R X = r(OH, ECR) − r(OH, X)r(ECR, X)
Summarizing the correlation analysis, the top panel of Fig. 7 illustrates the correlation coefficients r and partial correlation R H 2 O·I SZA α ,T (presented in Table 3 ) for 75 km sorted in ascending order by monthly mean ECR. It is evident that in general the correlation increases with increasing ECR. In the NH, in cases when monthly mean ECR is higher than about 8 counts/s, almost 60% of the correlation coefficients exceed 0.35 and thus have a random chance probability less than 5%. This proportion increases up to 77% for cases with ECR higher than 15 counts/s. In contrast, during months which have mean ECR less than 8 counts/s, the EEP does not seem to have significant influence on OH.
The negative correlations among the high-electron-count periods are, in most of the cases, related to the strong H 2 O and solar radiation variation, especially during the periods of H 2 O increase between May-July.
The results obtained for the SH show a similar behavior to the NH, i.e., the correlation generally increases with ECR. However, the overall correlation is slightly smaller, so that about 50%/71% of cases with monthly mean ECR higher than 8/15 count/s have r equal or larger than 0.35. In contrast, ECR-sorted time series of H 2 O, I
SZA α and temperature do not show any increasing trend with increasing ECR (not shown).
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The bottom panel of Fig. 7 provides a ). In this case, the correlation dependency on the amount of electron precipitation is random, no clear patterns similar to those shown in the top panel of Fig. 7 are present. Therefore, it is clear that the increasing trend in the correlation between OH and ECR does not coincide with the increasing trend in the correlation between OH and the product of H 2 O and I
SZA α
. Thus, we can conclude that the electron precipitation is the most likely driver of the observed OH increases.
In Fig. 8 we show the monthly correlation coefficients r between OH and ECR, versus monthly mean ECR at 75, 65, and 47 km altitudes. Note that the 75-km data are the same as those shown in the top panel of Fig. 7 . In order to assess the latitudinal extent of EEP-related OH enhancements, we also • (i.e., shells from L = 1.5 to L = 10). The POES satellites spend little time at the highest geomagnetic latitudes, and there are not enough ECR data available from latitudes >72
• for a proper analysis. This restricts our study to lower geomagnetic latitudes. Fig. 9 shows the results obtained for the 11 cases presented in 
Conclusions
Analyzing daily time series of MLS OH mixing ratios and MEPED radiation belt electron precipitation rates during the period August 2004 -December 2009 at 55 − 65
• geomagnetic latitudes in both hemispheres, we have studied the connection between electron precipitation and middle atmospheric OH enhancement. Our correlation analysis with maximum daily mean ECR exceeding or equal to 150, on at least one day, have correlation equal or higher than 0.6. Moreover, EEP effects are easiest to detect during the months with especially low OH background or high electron forcing, combined with low ECR median value. In these cases, correlation can exceed 0.77, indicating that more than 50% of OH variation can be explained by the electron precipitation.
The correlation between OH and ECR is also generally weaker in the SH than in the NH.
In most cases, the hemispheric differences are caused by higher OH background mixing ratios or stronger water vapor and temperature influence in the SH, which make EEPrelated OH changes more difficult to be detected. In 50% of the cases that have large differences between the NH and the SH, accounting for the effects of H 2 O, solar radiation, and temperature using partial correlation analysis improves the correlation and reduces hemispheric asymmetries.
Correlation between ECR and OH is observed between 52 − 70 km, i.e., at altitudes that are affected by 100 keV-3 MeV electrons. At altitudes above 80 km the amounts of water vapor are too low for efficient cluster ion formation and ionic HO x production and the observed correlation is not significant. ).
Left panels-NH, right panels-SH. Table 3 . Top panel-NH, bottom panel-SH.
